The electrophysiological properties of cytoplasm-rich fragments (single membrane samples) prepared from internodal cells of Chara corallina were explored in conjunction with K'-sensitive microelectrode and current-voltage (I-V) measurements. This system eliminated the problem of the inaccessible cytoplasmic layer, while preserving many of the electrical characteristics of the intact cells. In 0.1 millimolar external K concentration (Ko(.), the resting conductance (membrane conductance G., 0.85 ± 0.25 Siemens per square meter (tstandard error)) of the single membrane samples, was dominated by the proton pump, as suggested by the response of the near-linear I-V characteristic to changes in external pH. Initial cytoplasmic K' activities (aK+), judged most reliable, gave values of 117 ± 67 millimolar, stable aK+ values were 77 ± 31 millimolar. Equilibrium potentials for K' (Nernst equilibrium potential) (EK) calculated, using either of these data sets, were near the mean membrane potential (V.). On a cell-to-cell basis, however, EK was generally negative of the V.,, despite an electrogenic contribution from the Chara proton pump. When K+ was increased to 1.0 millimolar or above, G. rose (by 8-to 10-fold in 10 millimolar K.+), the steady state I-V characteristics showed a region of negative slope conductance, and V. followed EK. These results confirm previous studies which implicated a K.+-induced and voltage-dependent permeability to K+ at the Chara plasma membrane. They provide an explanation for transitions between apparent K&+-insensitive and K.+-sensitive ('K+ electrode') behavior displayed by the membrane potential as recorded in many algae and higher plant cells.
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membrane potentials recorded were generally more negative than the Nernst equilibrium potentials for any of the major ionic constituents of the cells. This observation provided a first clue to the presence at the plasma membrane of an electrogenic H+ pump which moved positive charge out of the cell. Metabolic inhibitors abolished the large (negative) Vm and resulted in potentials which could be accommodated by a combination of diffusion regimes for several monovalent ions (16 increasing with K.,j and Vm followed the estimated EK closely, both in the presence and in the absence of metabolic or ATPase inhibitors. These observations point to a dichotomy often described both for Chara as well as for other algae and higher plants: membrane conductance to K' appears to dominate cellular electrical behavior at moderate to high K.', yet at low K.', Vm is largely independent of EK. Indeed, for Chara the transition between K'-sensitive and K'-insensitive 'states' is sharp, both temporally and with respect to the extracellular potassium concentration. Recently, one of us described in Chara a K'-induced conductance which exhibited marked voltage-dependent gating at potentials between about -150 and +50 mV, and which brought the free-running membrane potential close to the expected EK (5) . Such a K.'-dependent feature could go far toward explaining (0+-related properties of plant cell plasma membranes generally, particularly if K.+ 'gated' its own conductance. In this paper we address the issue of the conductance identity through simultaneous measurement of aK+ and membrane I-V relations. Such experiments have been frustrated in the past by the thin (about 10 ,m) cytoplasmic layer, which makes positioning of ionsensitive and multiple electrodes in the cytoplasm difficult. Since it is the outer membrane, the plasmalemma, which dominates the electrical characteristics of the cell, measurement of K,+ is more important than that of K,+. One way out of this dilemma is the use of cytoplasm-rich fragments of the giant algal cells. Hirono and Mitsui (13) described a procedure for preparing such fragments-known as 'single membrane samples'-which involved centrifuging and ligating the large internodal cells. While SMS of Chara were used previously for obtaining samples of cytoplasm (27) 15 cm long and which lacked calcification were selected from between the first and third nodes below the tips of growing plants. Each cell was centrifuged at 1 to 2g for 30 min, at which time the cytoplasmic plug which gathered at one end of the cell could be observed against a dark background. A silk thread was positioned at the top of the plug (3-5 mm in length) and was loosely tied with a half reef knot. The cell was allowed to lose turgor in the air and the thread was then pulled tight. The rest of the cell was cut off and the remaining SMS was placed in APW (0.1 mM KCI, 1.0 mM NaCl, 0.5 mM CaCl2, 1.0 mM Hepes adjusted to pH 7.5 with NaOH) to recover. SMS which showed no streaming and/or visible damage were discarded.
While SMS did not survive long enough for cell wall formation, which would have allowed the ligation to be removed (13) Calibrations were performed in flowing solutions of KCI, 0.1 mM to 1.0 M, and in mixed solutions with NaCI. Electrodes were chosen which gave >50 mV per decade K.' change above 1 mm (Fig. 1) . The selectivities were generally 30:1 (K+:Na+) or better, and the electrodes exhibited 90% response times <5 s (equivalent to the time required for solution exchange in the calibration chamber).
Membrane Potential and Current-Voltage Measurements. The electrical apparatus has been described previously (6) . The cell holder was modified slightly to include the K' electrode calibration chamber and to allow access to the cell for insertion ofthree glass microelectrodes. The SMS were space-clamped by insertion of a Pt/Ir wire through the internode, as in the intact cells. The membrane potential-measuring electrode was inserted before the K+-sensitive and reference electrodes in order to evaluate the viability of the sample. Insertions of the latter two electrodes usually caused only small changes in Vm ( Fig. 2A) .
To obtain the I-V characteristic of the SMS, the membrane potential was clamped to a bipolar staircase ofcommand voltages and both the current and the potential were recorded every 2 ms under control of a MINC 11 computer (6) . The I-V data were fitted with a polynomial and the G-V profile was derived by differentiation.
Where appropriate, data are presented as the mean ± SE. RESULTS Electrical Characteristics of the SMS. Upon insertion of an electrode into the vacuole of an intact cell, an action potential is usually observed and the cytoplasmic streaming stops. By contrast, when the electrode tip is manipulated into the cytoplasm the voltage signal attains its final value immediately and the streaming continues unabated. The latter behavior was observed when SMS were impaled. A lack of internal compartmentation was indicated, also, by the fact that the electrode could be moved extensively inside the SMS without a change in Vm.
The SMS exhibited the various states found in the intact cells ([4] , [71; Figs. 3, 4) . At low K,+ the I-V and G-V profiles displayed a pH dependence (Fig. 3 ) similar to that found in the 'pump state' of intact cells (2) . The SMS did show lower values for Gm, and V. was generally less negative than in the intact cells ( Fig.  3 ; Table I ). In only 2 SMS out of 20 did V. achieve or exceed Excitation seemed to disappear in these solutions and was probably a consequence of the lack of an electrochemical gradient for Cl-. Inset,
Comparison of I-V profiles in 0.1 mm K.' (0) and 50 mm Na0) (A).
These records are from a single cell, but data in the inset were gathered on the following day, which accounts for the shift in Vm for the 50 mM Na) profiles. Plant Physiol. Vol. 82, 1986 (Fig. 5 ) without deleterious effects, even in 50 mM K4j. The I-V profile displayed all the features typical of that in 5 mm Ko', but the currents in the high conductance region of the curve were up to an order of magnitude greater. These currents were far in excess of the maximum current usually withstood by the intact cells. This finding offers an insight into the properties of the tonoplast. Prolonged and large currents passed in intact cells lead to rapid cellular deterioration (4) . In this case, only the plasmalemma potential is clamped (6); but the current-injecting electrode is located in the vacuole, so the current necessary to effect the clamp flows across both plasma membrane and tonoplast. There are indications that the tonoplast undergoes irreversible damage if the potential across it becomes too large (19) , which might lead to mixing of the vacuolar contents with the cytoplasm. In the SMS, current does not pass across the tonoplast and the plasma membrane is able to withstand large potentials and currents. (The two membranes in series will survive large currents and potentials for short times, as was demonstrated in dielectric breakdown studies [ 1 
1]).
The conductance of the SMS in >1 mm K04 calculated from the I-V curves, are comparable to those of the plasmalemma in intact cells (Fig. 6 ). For Ko+ from 1.0 to 50 mm, the Gm increased linearly with the logarithm of K.,'. (Larger conductances than those indicated in Figure 6 have been obtained in intact cells after prolonged exposure to 10 mm K.' [4] , but these conductances may result from cellular damage.) The SMS were also exposed to 50 mM NaCl APW. As in the intact cells, the K' conductance was not observed (4, 15) . The I-V profile showed a marginal increase in Gm over that found in APW alone (1.3 S m-2 as opposed to 0.9 S m-2). Both profiles were roughly linear.
The resting membrane potential in 50 mM Nao0 varied between -80 and -150 mV (Fig. 5) .
Evaluation of Cytoplasmic aK+. Early measurements of Kc+ relied on various macroscopic techniques, such as centrifugation, for obtaining samples from the major cellular compartments (17, 20, 26, 27) . The use of ion-sensitive microelectrodes on giant algae was pioneered by Vorobiev (28), but has not been repeated in the Characeae for the last 20 years, apart from recent measurements on isolated cytoplasmic droplets (21) .
In the present experiments, the signal from the K+ electrode was steady, often for >5 min following insertion, and then started to drift slowly negative (to a lower aK+). This trend continued for up to 1 h (Table I; Fig. 2 ). Over this time period Vm did not change (Table I) , and streaming continued apparently unabated. In fact, impaled SMS survived for many hours. So it was assumed that the decrease in aK+ resulted from the influence of the cytoplasm on the electrode, rather than vice versa. After 30 min, the K+ electrode reading occasionally seemed to 'freeze' and did not respond even to drastic measures, such as cutting the SMS open. On the other hand, when one SMS died shortly after insertion of the K+ electrode, the aK+ recorded in the SMS decreased over 30 min to the value measured in APW prior to insertion. Potassium-sensitive electrodes which had been in cells as long as 30 min could be recalibrated upon withdrawal. Some loss in response to K+ was observed on these occasions (Fig. 1,  inset) and it is possible that the electrodes left in the SMS for longer times were rendered K+-insensitive only by cytoplasm which gelled in the tip upon exposure to the high Ca2" content of the medium. Nonetheless, the initial measurements must be judged as more reliable. Since recordings in the various K.' regimes were made within 10 to 30 min of initial penetration, these aK4 values provide the best estimates for the true values at these times.
The PVC-containing, K+ electrodes did exhibit high resistances (50-70 Gohms, roughly 10-fold higher than similar electrodes prepared without PVC), but electrical noise was not a problem. The 14, 15) . The membrane potential follows the estimated EK and the I-V characteristic shows a typical negative slope conductance region (3). Under these same conditions, I-V characteristics and conductances of the SMS are very similar to those of intact cells (Fig. 4) . The slightly more positive membrane potentials of the SMS may be the consequence of diminished activity of the proton pump, which probably does contribute to the resting potential, even in millimolar concentrations of K' (4, 15) . EK values calculated from the activity measurements are close to (within experimental scatter) the Vm data for 2 to 10 mM K4+ (Table I) . At 50 mM K.' the potentials agree with the calculated EK only if the initial aK+ values (obtained in 0.1 mm KO+) are used. The implications of this finding are not clear at present, but it is possible that Vm is held more negative than EK through the rising rectifying conductance which is associated with the leakage current (5). The general view that the K' state is dominated by the K+ conductance is thus confirmed. This conductance (Fig. 6 ) rises linearly with log (K.+), but drops to that seen in low Koj at I mm. The I-V characteristics in high concentrations of Na+ suggest that this Ko+-gated K+ conductance (channels?) is highly selective to K' over Na+. There are strong indications from radioactive flux and electrical data, that microalgae and higher plants conform to a similar pattern (9, 12, 14, 18) .
It has been suggested that the K+ conductance in low K<,+ only becomes important if the membrane potential is driven positive by an action potential, by voltage clamping or through the use of inhibitors (cf 7, 15) . Recent experiments (3, 25) , however, seem to indicate that the K' channels do not participate in the pump state at all. Results with the SMS seems to confirm this finding. In the SMS the average Vm in the pump state is more positive than EK (the scatter in Table I is high, but out of 14 SMS, 10 showed potentials more positive than the calculated EK), even if the lower stable aK+ is taken to be correct. While the proton pump is not as active as in the intact cells, the electrical characteristics of the SMS in low Ki' are very similar to those of the intact cells. The I-V and G-V profiles show the typical pH dependence (compare Fig. 3 with the results of [2] ). The membrane potential and conductance are only weakly dependent on changes in K.' (Figs. 2b, 6 ) and insensitive to tetraethylammonium chloride, a K'-channel antagonist which blocks the Chara K' state. These facts support the view that the K' channels are closed in low K,' (4, 24) . The membrane conductance is distributed between the proton pump and a relatively K'-insensitive leak pathway across the membrane. It is noteworthy, too, that estimates for Na,+ of 5 mM (22) indicate that ENa+ lies near +55 mV, far positive of the Vm in 50 mm Na0+. Thus, Na+, likewise, does not appear to play an important role in the electrical behavior of the plasma membrane.
Finally, the conservation of the K' state in the SMS, indicates that the K' channels are more able to withstand various drastic treatments than the pump module or the excitation channels. Similar conclusions can be drawn from electrical measurements of Nitella protoplasts (1) . While more exploration is needed, the SMS look like a promising experimental system. It may be possible to improve the technique for the study of the pump state and excitation. The SMS are certainly very suitable for the study of the K+ state.
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